Background {#Sec1}
==========

Good reproductive performance is of great importance to the economics of cattle breeding in both dairy and beef cattle herds. Sporadic abortions occur in all herds over time, but these are usually of minor importance and in many cases, the cause is not investigated. On the other hand, multiple abortions may occur suddenly or persist for a longer period and thus have an impact on the financial situation of the farm, e.g. due to lowered milk production, increased calving intervals, lack of sufficient future breeding stock, and fewer males for fattening or sale \[[@CR1]\].

Causes of abortion may be either infectious or non-infections in aetiology. Although non-infectious causes have gained more attention during recent years, e.g. the identification of lethal haplotypes \[e.g. [@CR2], [@CR3]\], infections are generally considered to be more important due to their significant abortifacient potential and because some organisms such as *Brucella* spp. are zoonotic. Furthermore, infections are traditionally more readily diagnosed than non-infectious causes \[[@CR4]--[@CR9]\].

Unlike many other countries, Denmark is in the fortunate position of being free from many important abortigenic pathogens. For example, an official eradication programme for bovine brucellosis was initiated in 1948, with the last case diagnosed in 1962 \[[@CR10]\]. Since then, bovine herpesvirus type 1 (BHV-1), *Tritrichomonas foetus*, and *Campylobacter fetus* subsp. *venerealis* have also been eradicated \[[@CR10]\]. Moreover, eradication of bovine viral diarrhoea virus (BVDV) is almost complete, with only one infected herd as of May 2019 \[[@CR11]\]. In addition, some infections such as bovine leptospirosis are most likely to be extremely rare as they have never been recorded, and in the rare case that seropositive animals are identified, their sero-titers are low \[[@CR12]\]. However, abortion is still of concern to Danish cattle breeders. As the last study on the causes of abortion in Danish cattle was published more than 20 years ago \[[@CR6]\], we performed a diagnostic survey with the following aims: (i) to identify infectious causes of bovine abortion in Denmark, (ii) to categorise the diagnostic findings based on the level of diagnostic certainty, and (iii) to assess the diagnostic rate. Due to economic constraints, only a limited panel of routine diagnostic methods were available.

Methods {#Sec2}
=======

Animals {#Sec3}
-------

Aborted and stillborn bovine fetuses or fetal tissue, fetal placentas, and maternal blood samples submitted to the National Veterinary Institute of Denmark for diagnostics from January 2015 to June 2017 were prospectively included. Abortion was defined as expulsion of a non-viable fetus between gestation day 43 and 260, while stillbirth was defined as expulsion of the fetus after gestation day ≥ 260. Unless stated otherwise, both entities will be referred to as "abortion" in the following. Each submitted fetus or set of fetal organs (heart, lung, liver, spleen, and brain) counted as a single case, except for twins where both twins were submitted, which counted as one case. Cases in which only the placenta and/or a maternal blood sample were available were excluded from the study. Age determination of the fetus was based on the insemination and abortion dates, the insemination and/or expected calving dates provided by the submitting veterinarian, or the crown-rump-length (CRL) \[[@CR13]\] in order of decreasing priority. In cases lacking these data, pulmonary histology was used to estimate the fetal age \[[@CR14]\]. Abortions were categorised as having occurred during the first, second or third trimester of gestation, i.e. gestation months  ≤ 3, 4--6, and ≥ 7, respectively. Throughout the entire study period, the Danish Veterinary and Food Administration (DVFA) covered the routine diagnostic costs for up to five abortion cases per herd in order to encourage farmers to submit abortion cases and thereby increase the number of cases submitted for national brucellosis surveillance.

Herd data {#Sec4}
---------

Information on insemination and abortion dates, breed of the dam, location of the farm, and the number of registered abortions in Denmark was retrieved from the Danish Cattle Database (SEGES P/S, Aarhus, Denmark).

Necropsy and histopathological procedures {#Sec5}
-----------------------------------------

The fetuses and placentas were examined macroscopically and the CRL was measured. Specimens for histology were collected from the placenta, lung, liver, heart, and brain, fixed in 10% neutral buffered formalin, processed by routine methods, and embedded in paraffin \[[@CR15], [@CR16]\]. Tissue sections of 3--5 µm were cut and routinely stained with haematoxylin and eosin (H&E). Sections of placental specimens in which fungal infection was suspected were also stained with Grocott's methenamine silver method.

Bacteriological procedures {#Sec6}
--------------------------

Liver, lung, and abomasal contents were cultured under aerobic conditions at 37 °C on Columbia agar plates supplemented with 5% calf blood (in house) as well as on Drigalski lactose agar plates (in house). The plates were inspected for bacterial growth after 16--20 h of cultivation and after an additional 24 h in cases of no or slow bacterial growth at first inspection. The selection of colonies for subculturing was based on colony morphology and the quantity of colony types that were not considered to be post-mortem contamination (e.g. *Proteus* spp.) based on the experience of the bacteriologist (GL). In cases of mixed bacterial growth, bacteria from the three most numerous and significant colony types were subcultured. Significance was assessed based on the presence of the same colony type in more than one organ culture per abortion case: the more organ cultures with the same colony type, the more significant the colony type. If more than three different colony types were present without any significant difference in their organ distribution, bacterial growth was described as unspecific mixed flora and subculturing was not performed. Colony material from the subcultures was analysed by matrix-assisted laser desorption/ionisation time-of-flight mass spectrometry (MALDI-TOF MS). Mass spectra were obtained using a microflex LT instrument (Bruker Daltonics, Bremen, Germany) calibrated using a bacterial test standard (Bruker Daltonics). The analyses were carried out in accordance with Bizzini et al. \[[@CR17]\] using the MBT Compass software and the Biotyper MALDI-TOF MS database (Bruker Daltonics) supplemented with validated spectra from the National Veterinary Institute's in-house database \[[@CR18]\]. In order to screen for the presence of *Brucella* spp., specimens of fetal liver, lung, and spleen were pooled, homogenised, and cultured in 10% CO~2~ at 37 °C on selective agar plates containing horse serum, *Brucella* selective supplement (Oxoid A/S, Roskilde, Denmark), and ethanol. Growth of *Brucella* spp. was assessed after 48--72 h and after 7 and 10 days of incubation.

Herd BVD status {#Sec7}
---------------

The official BVD status at the time of submission ± 6 months was retrospectively assessed by searching the records of the National Veterinary Institute for herds that had submitted positive milk and/or blood samples during this period as part of the mandatory BVD surveillance programme.

BVDV serology {#Sec8}
-------------

Maternal serum was examined for the presence of antibodies against BVDV using a liquid-phase blocking ELISA \[[@CR19]\].

BVDV immunohistochemistry {#Sec9}
-------------------------

Detection of the BVDV antigen in tissue sections of fetal cerebrum, cerebellum, and skin was carried out as described previously for formalin-fixed paraffin-embedded tissue \[[@CR20]\]. Only cases originating from herds with a BVD positive status were analysed.

Diagnostic criteria {#Sec10}
-------------------

The diagnostic findings were categorised into four main groups modified from Agerholm et al. \[[@CR6]\].

### Group 1. Likely cause of abortion identified {#Sec11}

Diagnosis of bacterial infection was based on the isolation of bacteria and presence of lesions consistent with bacterial infection. Mycosis was diagnosed by the presence of hyphae or yeast cells in tissue sections associated with inflammation. Protozoal abortion was diagnosed by findings of non-suppurative inflammation in fetal organs as follows: cases were considered positive if focal to multifocal non-suppurative necrotising encephalitis was found together with non-suppurative interstitial myocarditis and/or non-suppurative hepatitis. In the absence of brain lesions or exclusion of the brain due to extensive decomposition, the presence of non-suppurative interstitial myocarditis together with non-suppurative hepatitis was regarded as being diagnostic of protozoal abortion. Infection with BVDV was diagnosed by demonstration of the BVDV antigen within fetal tissues.

In the case of dual infection (i.e. bacterial and protozoal infections), the case was diagnosed as protozoal abortion because the protozoa-associated inflammatory lesions were more severe than the bacteria-associated lesions.

### Group 2. Lesions present, specific aetiology not identified {#Sec12}

This group included cases for which a specific cause was not detected but where lesions were present in the fetus and/or the fetal placenta. Cases were categorised based on the most severe lesion observed.

### Group 3. Bacteria isolated from at least two organs, lesions not found {#Sec13}

This group consisted of cases from which opportunistic pathogenic bacteria were isolated from at least two organs, but without associated lesions. Isolation of *Proteus* spp. was regarded as contamination.

### Group 4. No likely cause identified {#Sec14}

This group comprised cases without fetal or placental lesions, including cases where bacteria were isolated from only one organ without concomitant lesions.

Epizootic criteria {#Sec15}
------------------

Herds with at least two submitted cases were included in this analysis and only cases with an established aetiology were considered (Group 1). Two approaches were then used to identify potential epizootic abortion events, i.e. multiple abortions occurring within one herd due to the same agent and at a frequency higher than that expected during the given time period. Firstly, herds with quantifiable anamnestic information with a frequency of  ≥ 4 abortions in one week,  ≥ 6 abortions in one month or  ≥ 12 abortions in 3 months, regardless of the size of the herd (adapted from Ancker and Agerholm \[[@CR21]\]) were identified as having potential epizootic abortion. Anamnestic information was defined as data on the current abortion frequency in the herd provided by the veterinarian upon submission of the abortion case. Since quantifiable anamnestic information was sparse, a second approach was used: all herds from which ≥ 2 abortion cases were submitted within 21 days of each other were identified as having potential epizootic abortion. For both approaches, an epizootic event was diagnosed in the identified herds if the diagnosed aetiology included a pathogen known to cause epizootic abortion, and if ≥ 2 cases per herd were diagnosed with the same aetiology.

Results {#Sec16}
=======

A total of 162 cases comprising 153 abortion cases and nine cases of stillbirth were included in the study. The abortion cases consisted of 138 singletons and 26 twin fetuses representing 15 cases of abortion of twins. In most cases of abortion (n = 152), an intact fetus was submitted, while only the head and fetal organs were submitted for one case. All stillborn calves were singletons and were submitted as intact carcasses except for in one case where only the head and internal organs were submitted.

The majority of the fetal membranes and internal organs submitted were histologically assessable (Table [1](#Tab1){ref-type="table"}). Maternal blood samples were submitted in 145 cases---137 from abortion cases and eight from stillbirth cases. The cases originated from 116 herds, with 92% of the herds being represented by one or two cases (Table [2](#Tab2){ref-type="table"}). Most fetuses (67%) were aborted during the last trimester, while 33% were aborted during the second trimester and one during the first trimester. Nine of the cases aborted during the last trimester were stillbirths. The breed distribution of aborting cows was as follows: 62% Danish Holstein followed by 13% Danish Jersey, 9% mixed breeds, 7% Danish Red, and 9% other, thereby closely mirroring the breed distribution among the Danish dairy cow population \[[@CR22]\]. The majority of the cases originated from dairy farms (94%) and 91% of all submitting farms were conventional, i.e. non-organic farms. Submissions originated from all parts of Denmark, and areas of high dairy farm density were represented by a large number of submitting farms (Fig. [1](#Fig1){ref-type="fig"}). The investigated cases represented 0.8% of the abortions registered in the Danish Cattle Database during the study period.Table 1The number of abortion cases for which fetal placenta and organs were submitted and the number of tissues with histological lesionsNumberPlacentaLungLiverHeartBrainHistologically assessable^a^123148132156157Excluded from histology8122933Total submitted/sampled131160161159160Lesions present7846353732^a^Defined as suitable for assessing the presence/absence of cellular inflammation Table 2Number of bovine abortion submissions per herdCases per herdNumber of herds% of submitting herdsNumber of cases% of total cases1--210792.212778.43--586.92817.3710.974.3Total116100162100 Fig. 1Geographical distribution of Danish farms submitting bovine abortion cases for diagnostics from January 2015 until June 2017. Submitting farms are depicted as red dots. All Danish dairy farms registered at the end of 2017 are depicted as grey dots. Abortion cases were submitted from all parts of Denmark, and areas of high dairy farm density were represented by a relatively higher number of submitting farms

A specific cause of abortion was diagnosed in 53 cases (Group 1, Table [3](#Tab3){ref-type="table"}). Protozoal abortion was diagnosed in 31 cases originating from 21 herds. Non-suppurative interstitial myocarditis (Fig. [2](#Fig2){ref-type="fig"}a) was the most consistent lesion detected (all 31 cases), followed by non-suppurative hepatitis (26 cases), and focal necrotising encephalitis (23 cases, Fig. [2](#Fig2){ref-type="fig"}b). These lesions are consistent with neosporosis, but a specific diagnostic method was not used to confirm this. The distribution of protozoal abortion cases per herd was as follows: 16 herds with one case, three herds with two cases, one herd with four cases, and one herd with five cases. In one of the cases originating from a herd that submitted only one protozoal abortion, concomitant infection with *Lactococcus garvieae* was found. The diagnosis was based on the presence of non-suppurative encephalitis, myocarditis, and hepatitis together with necrosuppurative placentitis and suppurative bronchopneumonia, and the isolation of *L. garvieae* from lung, liver, and abomasal contents. Abortion caused by bacteria was diagnosed in 19 cases. *Trueperella pyogenes* was the most frequently isolated species followed by non-haemolytic *Escherichia coli*, *Staphylococcus aureus,* and *Listeria monocytogenes* (Table [3](#Tab3){ref-type="table"}). *Bacillus licheniformis*, *Streptococcus* spp., *Klebsiella pneumoniae*, *Aeromonas* spp., and *L. garvieae* were diagnosed as abortifacient in one case each. Suppurative to necrosuppurative placentitis was the most prevalent histological finding among the bacterial abortions. Concomitant suppurative bronchopneumonia was found in six cases. Mycosis was diagnosed in two cases originating from two herds, and fungal structures were identified within the placental lesions in both cases using Grocott's methenamine silver stain. In one case, fungal hyphae were associated with necrosis of chorionic villi and vasculitis within the chorionic plate. In the other case, spherical yeast cells were associated with necrosis of chorionic villi as well as with cellular exudate within the bronchiolar and alveolar lumen of the lung. Representative lesions associated with bacterial and fungal infections are shown in Fig. [2](#Fig2){ref-type="fig"}c--f. All maternal blood samples were negative for BVDV antibodies. Two out of the 116 submitting herds had a BVD-positive status during the study period ± 6 months. Both positive herds were represented in the study by one abortion case each. BVDV was diagnosed as the cause of abortion in one of these cases based on the detection of the BVDV antigen in the fetal cerebrum and cerebellum. The corresponding dam had been seropositive for BVDV 6 months prior to abortion, but a maternal blood sample was not submitted at abortion. The brain and skin samples of the other case were immunohistochemically negative and the corresponding maternal blood sample was seronegative at abortion. Organ pools of all fetuses were culture negative for *Brucella* spp.Table 3Diagnostic findings in 162 bovine abortions and stillbirths originating from 116 Danish herdsDiagnostic groupNumber of cases% of total1. Likely cause of abortion identified53^a^33^a^ *Neospora caninum*3119 *Trueperella pyogenes*53 *Escherichia coli,* non-haemolytic42 *Staphylococcus aureus*32 *Listeria monocytogenes*21 Other bacterial species^b^53 Fungi21 Bovine viral diarrhoea virus1 \< 12. Lesions present, specific aetiology not identified62^a^38^a^ Suppurative to necrosuppurative placentitis and suppurative bronchopneumonia127 Suppurative to necrosuppurative placentitis2616 Suppurative bronchopneumonia149 Non-suppurative placentitis85 Interstitial pneumonia1 \< 1 Granulomatous pneumonia1 \< 13. Bacteria isolated^c^, lesions not found15^a^9 *Escherichia coli*, non-haemolytic53 *Acinetobacter* spp.42 *Acinetobacter* spp. and *Aerococcus* spp.21 *Aerococcus* spp.1 \< 1 *Hafnia alvei*1 \< 1 *Lactobacillus curvatus*1 \< 1 *Vagococcus fluvialis*1 \< 14. No likely cause identified32^a^20^a^Total162100^a^Accumulated figures within the respective diagnostic group^b^*Bacillus licheniformis*, *Streptococcus* spp., *Klebsiella pneumoniae*, *Aeromonas* spp., *Lactococcus garvieae* (one case each)^c^Isolated from at least two specimens per case Fig. 2Histological findings from bovine abortion cases in which an aetiological diagnosis was established (Group 1). (a) Mononuclear interstitial myocarditis (arrowhead) and (b) necrotic focus in cerebellar grey matter in a case of protozoal abortion. (c) Necrosuppurative placentitis and (d) suppurative bronchopneumonia with numerous bronchioles filled with cellular exudate and bacterial micro colonies (arrowhead) in a case of abortion due to *Trueperella pyogenes* infection. (e) Necrotising placentitis with vasculitis (arrowhead) and (f) intralesional septate fungal hyphae (arrowhead) in a case of abortion due to fungal infection. (g) Necrosuppurative placentitis with intralesional filamentous bacteria (*arrowhead*, inset) and (h) suppurative bronchopneumonia in a case of abortion due to *Bacillus licheniformis* infection. **a**--**e**, **g**, **h** H&E, **f** Grocott's methenamine silver

In 62 cases, inflammation was detected in the placenta and/or fetal organs without an aetiology being identified (Group 2, Table [3](#Tab3){ref-type="table"}). Suppurative inflammation consistent with bacterial infection was detected in 52 cases. In 12 of those cases, both placentitis and bronchopneumonia were found, while placentitis alone was observed in 26 cases, and bronchopneumonia was observed 14 cases. Non-suppurative placentitis was the most severe lesion in eight cases, while granulomatous bronchopneumonia and interstitial pneumonia were found in one case each.

In 15 cases, the same bacterial genus or species were isolated from at least two specimens per case, yet no lesions were found in the placenta and/or fetal organs (Group 3, Table [3](#Tab3){ref-type="table"}). *Acinetobacter* spp. (six cases), non-haemolytic *E. coli* (five cases), and *Aerococcus* spp. (three cases) were the most frequently isolated bacteria. Non-haemolytic *E. coli* and *Hafnia alvei* were isolated as pure cultures from the abomasal contents in two cases and one case, respectively.

In 32 cases, no likely cause of abortion was diagnosed due to the absence of lesions and because all cultured specimens were sterile (eight cases), a non-specific mixed flora was cultured (16 cases), or because bacteria were cultured from only one specimen (six cases; Group 4, Table [3](#Tab3){ref-type="table"}). In the remaining two cases, more than one bacterial species was isolated, but each species came from only one specimen per case. In one of these two cases, *B. licheniformis* and *L. monocytogenes* were isolated as part of a mixed flora from the liver and abomasal contents, respectively. The thorax of this fetus had been opened before submission and the heart and lung were missing. Post-mortem degradation of the fetal organs was noted and interpreted as having occurred at least partially after expulsion of the fetus. In the other case, *Staphylococcus sciuri* and non-haemolytic *E. coli* were cultured as part of a mixed flora from the liver and abomasal contents, respectively.

Protozoal abortion was diagnosed in up to five cases per herd, while abortion due to bacterial or fungal infections occurred in only one case per herd (Table [4](#Tab4){ref-type="table"}). Based on quantifiable anamnestic information, two herds with two cases each were identified with a potential epizootic abortion event. Protozoal infection was the cause in both cases from one herd, while *T. pyogenes*, and *S. aureus* were the abortifacients in one case each from the other herd. Based on the criterion of submitting two or more abortion cases within 21 days, five herds with a total of 13 cases were identified as having had a potential epizootic abortion event. Protozoal infection was identified as the cause in all cases from four of those herds, with three herds being represented by two cases and one herd by five cases. The fifth herd was the same one identified based on quantifiable anamnestic information and with *T. pyogenes* and *S. aureus* as aetiologies. An epizootic abortion event represented by those two cases was regarded as unlikely because *T. pyogenes* and *S. aureus* are only known to cause sporadic abortion \[[@CR16]\]. The herd with five protozoal abortion cases was the same one identified based on quantifiable anamnestic information, however, the first three cases from this herd had been submitted without anamnestic information on abortion rate and were therefore not identified by the anamnestic information-based approach. As a result, potential epizootic abortion events were identified in a total of four herds, and protozoal infection was identified as the cause in all of these herds. The fetuses were aborted in the second and third trimester, during first to fifth parity, and from dams between 2 and 6 years of age.Table 4Correlation between the number of submitted cases per herd and the number of cases diagnosed with a certain aetiologyNumber of cases per herdNumber of submitted cases per herdTotal number of herds123457Protozoal abortion (n = 1)132100016Protozoal abortion (n = 2)NA300003Protozoal abortion (n = 4)NANANA0011Protozoal abortion (n = 5)NANANANA101*Trueperella pyogene*s (n = 1)2210005*Escherichia coli* (n = 1)1120004*Staphylococcus aureus* (n = 1)2100003*Listeria monocytogenes* (n = 1)2000002*Bacillus licheniformis* (n = 1)0100001Mycosis (n = 1)1100002Bovine viral diarrhoea virus (n = 1)1000001

Inflammation was detected in 11 out of 15 abortions of twins: protozoal abortion was diagnosed in two cases, while fungal infection was the cause in one case. In the remaining eight cases with inflammatory lesions, no likely aetiology of abortion was established. Lesions consistent with placental and/or fetal infection were detected in seven out of nine stillbirths. Protozoal infection was diagnosed in two of these cases, non-haemolytic *E. coli* in one case, and lesions consistent with bacterial infection were found in four cases, though without identification of the bacterial aetiology. In the remaining two cases, no lesions were found and there was no anamnesis of dystocia.

Discussion {#Sec17}
==========

In this study, an infectious aetiology was established in 33% of the examined cases. Protozoal infection was the most prevalent cause and the only one that could be associated with potential epizootic abortion events. Several major abortifacient pathogens have been eradicated from Denmark. The last case of BHV-1 was recorded in 2005, *Tritrichomonas foetus* in 1990, *Brucella abortus* in 1962, and *Campylobacter fetus* subsp. *venerealis* in 1995 \[[@CR10]\]. Furthermore, a specific examination was performed to confirm the absence of bovine brucellosis in Denmark following demands from the European Union. No specific analyses were performed for other pathogens considered by the DVFA to be absent in Denmark. Strict surveillance rules are in place concerning venereally transmitted diseases: breeding bulls are tested serologically for *B. abortus* and BHV-1 infection, and for *C. fetus* subsp. *venerealis* and *T. foetus* infection via culture of preputial wash samples. As the majority of Danish dairy cows are bred via artificial insemination using certified bulls, and as most of the submitted cases in this study (94%) originated from dairy herds, it is fair to assume that the submitted fetuses were free from these bacterial infections, although they were not specifically tested for any of these diseases except for brucellosis. BHV-1 surveillance of cows is also mandatory and is done by either testing milk from dairy herds or blood from beef cattle. No positive herds have been found in Denmark since 2005. We therefore assumed that the submitted fetuses were also free from BHV-1. Surveillance for venereal diseases is targeted at bulls used for artificial breeding. Females are not tested unless the herd veterinarian suspects such a disease. Therefore, it cannot be ruled out completely that these infections are present in some females, but it is difficult for diseases spread by venereal transmission to persist in a herd without natural breeding. Even though specific analyses were not performed for all of these agents in the present study, their presence in an abortion case would have been suspected based on characteristic lesions, and in such cases, targeted diagnostics would have been applied. It is therefore reasonable to consider that the submitted fetuses were free of these infections.

An eradication programme for BVD has been in place in Denmark since 1994. BVD was almost eradiated in 2006, but a small number of herds still test positive each year \[[@CR10]\]. Only two of the fetuses in our study were tested for the BVDV antigen and BVDV could therefore have been overlooked as a cause of abortion. However, maternal blood samples from 145 out of 162 dams were analysed for BVDV antibodies and found to be seronegative. It is possible that some fetuses could have been aborted during the acute stage of a BVDV infection. To rule this out, herd data covering the study period ± 6 months from the national surveillance based on quarterly bulk tank milk analyses (dairy cattle) or blood sampled at slaughter (beef cattle) were retrospectively assessed. All abortions (n = 2) originating from the two herds with a BVD-positive status were retrospectively analysed for the presence of the BVDV antigen and one of them was found to be BVDV positive. Even though the majority of cases in the present study were not directly tested for BVDV, the abovementioned supportive data allow us to conclude that BVDV played a negligible role as abortifacient agent in our study population.

The diagnostic rate of bovine abortion usually lies below 50% \[[@CR4], [@CR6], [@CR8], [@CR9], [@CR23]\]. The diagnostic rate in our study was 33%, which is within the normal range of most diagnostic studies, but lower than a recent study from Australia and New Zealand in which a broad range of serological and immunohistochemical methods, in addition to histology and bacterial culture, were applied \[[@CR7]\]. An increase in the diagnostic rate over time has been reported in studies from the USA---from 33% in the 1990s in South Dakota \[[@CR23]\] to over 44% in the 2000s in California \[[@CR9]\], and 57% in 2016 in California \[[@CR8]\]. The prevalence of infectious abortifacients in a sampled population can have a significant influence on the diagnostic rate. High diagnostic rates are often reported in geographical regions with a high prevalence of known abortifacients, e.g. the study from California \[[@CR8]\] reported a diagnostic rate of 57% and stated that *Pajaroellobacter abortibovis* (causing enzootic bovine abortion) and *Neospora caninum* have a high local prevalence and are readily diagnosed with the methods established at the local diagnostic laboratory. The diagnostic rate in our study (33%) was similar to that previously reported in Denmark in 1997 (35%) \[[@CR6]\]. The diagnostic criteria for these two studies were similar, but differed slightly for Group 1: firstly, BVDV infection was almost exclusively assessed by serological analysis of maternal serum and surveillance data in our study, while Agerholm et al. \[[@CR6]\] based their diagnoses on fetal virus demonstration or on the detection of fetal antibodies. Secondly, protozoal abortion (neosporosis) was diagnosed only on the basis of histological findings in H&E stained sections in our study, while Agerholm et al. \[[@CR6]\] confirmed cases with suspicious microscopic lesions by immunohistochemistry and/or fetal serology. In our study, the diagnosis of 'protozoal abortion' was entirely based on the observation of focal to multifocal non-suppurative necrotising encephalitis together with non-suppurative interstitial myocarditis and/or non-suppurative hepatitis. Even though such lesions are not pathognomonic for fetal neosporosis, but may be associated with other protozoal infections such as fetal sarcocystosis and toxoplasmosis \[[@CR16]\], we assumed that *N. caninum* was the most probable aetiology in all cases of protozoal abortion: neosporosis is by far the most common cause of protozoal bovine abortion compared to e.g. sarcocystosis or toxoplasmosis \[[@CR24], [@CR25]\]. *Sarcocystis* spp. and *Toxoplasma gondii* cysts are more readily detected by histology than *N. caninum* cysts, and were not observed in our study. However, immunohistochemistry or another agent-specific methodology would have been a superior diagnostic method compared to histopathology.

The observed prevalence of *N. caninum*-associated abortion (19%) is within the normal range of prevalence recorded in Denmark between 1995 and 2017 (12% to 25%, Table [5](#Tab5){ref-type="table"}) \[[@CR12]\] and worldwide \[[@CR26]\]. Histopathology is required to diagnose *N. caninum*-associated abortion because lesions must be identified in order to differentiate between latent and abortigenic infections \[[@CR27]\]. The serological status of the dam and/or the fetus was not determined in this study because it was not considered to provide definitive evidence regarding the cause of abortion \[[@CR28], [@CR29]\]. The serological status of the fetus does not necessarily reflect the true status of fetal infection with *N. caninum*: infection of the fetus before gestation day 100 is unlikely to result in fetal antibody production due to an immature immune response, while exposure of an immunocompetent fetus induces a humoral immune response \[[@CR29]\]. Infection before the foetus is immunocompetent is more likely to result in abortion than an infection at a later stage \[[@CR29]\], and can result in the abortion of seronegative fetuses with typical protozoal lesions \[[@CR28]\]. Fetuses infected and aborted after becoming immunocompetent will be seropositive if not aborted during the acute stage of infection \[[@CR26], [@CR30]\]. Furthermore, serological examination of the dam is only indicative of maternal exposure to *N. caninum* and does not reflect whether the parasite has been transmitted to the fetus during the current pregnancy, nor if the parasite has been the cause of abortion \[[@CR27], [@CR31]\].Table 5Summary of diagnostic findings in bovine abortion cases from Denmark investigated at the National Veterinary Institute between 1995 and 2017Cause of abortionStudy \[[@CR5]\] % of totalThis study % of totalBovine abortions investigated at the National Veterinary Institute, Denmark \[[@CR11]\] % of total^a^1996199719981999200020012014^g^Diagnostic group 1^b^353343344238433833Bovine viral diarrhoea virus13 \< 17741101Protozoal abortion^c^10^d^19^e^16^f^15^f^21^f^25^f^16^f^17^f^10^d^*Trueperella pyogenes*238365726*Bacillus licheniformis*4NA5231112*Staphylococcus aureus*NA2 \< 112133NA*Listeria monocytogenes* \< 11 \< 1120002Other bacterial species1331116511Fungi5123349101Diagnostic group 2^b^12388810781542Diagnostic group 3^b^699341118NADiagnostic group 4^b^462040554544483921Total investigated cases18616223318919216915089139^a^Data for 1995 and 2015--2017 are from \[[@CR5]\] and the current study, respectively^b^Accumulated figures within the respective diagnostic group^c^Diagnostics for neosporosis began at the end of 1994^d^Histologically identified cases confirmed by immunofluorescence and/or maternal serology^e^Diagnosis based on histological findings from H&E stained tissue sections^f^Combination of histological findings from H&E stained tissue sections and immunofluorescence used to establish diagnosis^g^November 2013 to December 2014

In our study, aborted materials were submitted at the discretion of the farmer or the responsible veterinarian from all of Denmark over a period of 2.5 years. *N. caninum* was identified as the only potential cause of epizootic abortion events. The approach based on the submission time point identified more potential epizootic abortion events than the anamnesis-based approach, and included all of the events identified by the latter. Since the DVFA covered the routine diagnostic costs for up to five abortion cases per herd, the motivation to submit sporadically occurring abortion cases might have been higher than if the analyses had been at the farmers' expense. Cases representing epizootic abortion events might therefore be underrepresented in the study.

Twinning in cattle is associated with a significantly increased risk of abortion if the twin pregnancy is unilateral, while bilateral twin pregnancy does not increase the abortion risk \[[@CR32]\]. Unilateral twin pregnancy constitutes around 56% of the twin pregnancies in Holsteins \[[@CR32]\] and represents a non-infectious cause of abortion \[[@CR32]\]. Lesions consistent with infection of the placenta and/or the fetus were found in the majority of twin abortions in this study (11 out of 15 cases), suggesting that infection was the cause of abortion rather than twinning itself. Our findings emphasise the diagnostic value of investigating most twin abortions for infectious causes, though bearing in mind that abortion due to a unilateral twin pregnancy cannot be diagnosed post mortem.

Inflammation mainly suggestive of bacterial infection but without identification of the agent was found in 38% of cases, thereby representing the largest diagnostic group. Applying a broader panel of diagnostic methods, e.g. including anaerobic bacterial culture, culturing placental specimens, and using culture-independent methods might have increased the number of cases with a specific bacterial aetiology.

Cases presented to a diagnostic laboratory are by definition a convenience sample \[[@CR8]\] and do not necessarily represent the true fetal loss in the sample population. Our data show that the Danish dairy cow population was reflected well by the study population in terms of geographical distribution, breed distribution, and production type. However, the number of submitted abortion cases constituted less than 1% of the abortions registered during the study period, indicating that a sample consisting of \> 150 fetuses is still very limited.

When comparing our study with the previous Danish study \[[@CR6]\], we noted a similar diagnostic rate and distribution of aetiological agents (with the exception of the almost eradicated BVDV infection), despite our study being characterised by a reduced number of diagnostic methods and sampling over a longer period of time.

Conclusions {#Sec18}
===========

Protozoal infection, most likely representing neosporosis, was the most commonly diagnosed cause of abortion and the only one associated with potential epizootic abortion events. Despite using fewer diagnostic methods compared to other abortion studies, the diagnostic rate of this study was within the normal range of rates reported by an earlier Danish study, as well as by recent international studies. The low number of submitted cases per herd together with sparse anamnestic information provided at submission made it difficult to draw conclusions about the potential epizootic character of the abortion events in question.

BVD

:   bovine viral diarrhoea

BVDV

:   bovine viral diarrhoea virus

BHV-1

:   bovine herpesvirus type 1

CRL

:   crown rump length

DVFA

:   Danish Veterinary and Food Administration

ELISA

:   enzyme-linked immunosorbent assay

H&E

:   haematoxylin and eosin staining

MALDI TOF MS

:   matrix-assisted laser desorption/ionisation time-of-flight mass spectrometry
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